Preface
When I was asked to write a concise presentation of hadronic jets, I first thought about what my fresh view on the subject could be. In fact, my research activity considers jets from a specific angle, that of precision calculations, and has the ambition of understanding complicated observables involving jets my means of analytic calculations. This requires a deep understanding of how jets are formed, and what the theoretical and experimental issues behind them are. This is the knowledge I have tried to share with the present book, which can be thought of as a gentle introduction to jet physics. I also asked myself what kind of people might find such reading useful. The book presents the main theoretical and experimental ideas that had made it possible for jet physics to bloom, and to become one of the hot topics in particle physics. It can be then useful to the first kind of readers I thought about, that is physicists not directly involved in the field, in the hope that, seeing how relevant problems in jet physics have been solved, they could find valuable inspiration for their own research. Also, many times during my career I have met students, both graduate and undergraduate, willing to start a project with me on jet physics, but without the proper background in quantum field theory. Such students are not ready to understand a topical review on the subject, or a book on collider physics. These are the second kind of readers I had in mind. Therefore, I chose to present intuitive physical explanations, so that a reader could quickly perceive the main ideas involved. Furthermore, I have described how to perform calculations involving jet observables using simple probabilistic arguments, which are a good starting point to understand more sophisticated theoretical approaches. Last but not least, I thought about the book as pleasant reading, where details could eventually be skipped, and in which each chapter could be read independently from the others. Let me now describe how the book is organised. The introduction aims to explain what hadronic jets are, and why they are so important for our current understanding of the physics of elementary particles. This also chapter contains an express review of particle physics, so that the reader gets used to the language employed in the rest of the book. This is followed by a chapter on jet algorithms, that describes the procedures that are currently adopted to rigorously define jets. The first two chapters can be understood by a reader with a solid background in fundamental physics, with no detailed knowledge of particle physics required. Chapter 4 is devoted to one of the hot topics in high-energy physics, the search for new particles that decay into jets. This chapter could, in principle, be understood with the material contained in chapter 2. However, the main ideas presented in chapter 4 can be better appreciated by a reader familiar with quantum chromodynamics (QCD), the quantum field theory that provides the theoretical foundations of jet physics. Therefore, I have decided to devote chapter 3 to presenting QCD as the origin of the main theoretical tools that are nowadays used to describe jets. Chapter 3 can be thought of as a gigantic exercise, where every theoretical idea is presented through an example, followed by a review of how the same idea is actually implemented in current theoretical tools. It is my hope that the reader might understand the tasks that each tool actually performs, and to which physical situations it can be reliably applied. Each chapter contains its own list of references, by no means complete. These are the ones I would suggest an interested reader to go through, so as to have a deeper understanding of the covered topics. Also, the book expresses a personal view on the subject, so I felt free to select which results to present. In fact, in order to help the book flow, I had to sacrifice an important topic like the production of jets with wide angular gaps between them; and relevant concepts like soft-gluon interference, renormalisation and parton density functions are only briefly mentioned.
Lastly, the book was completed just at the beginning of the high-energy runs of the Large Hadron Collider at CERN This is the place where many of the methods presented here will reveal their full potential. I very much look forward to seeing these ideas put into practice, and hope that a ground-breaking discovery may come out thanks to them.
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Introduction
One of the most striking phenomena that can be observed in high-energy collisions of elementary particles is the production of highly collimated bunches of particles (see figure 1.1). These objects are known as hadronic jets. The word 'hadronic' refers to the fact that jets are made up of hadrons, particles which can interact through the strong force, the force that keeps atomic nuclei bound together. If we look inside a jet we might find protons and neutrons, the constituents of nuclei, and other less known hadrons such as pions, which are commonly observed as cosmic rays, as well as kaons, rho mesons, etc. Looking at the list of hadrons in the 'Review of particle physics' by the Particle Data Group [1] , one finds around 160 pages devoted to mesons, hadrons of integer spin (bosons), such as the pions, and another 50 pages devoted to baryons, hadrons of half-integer spin (fermions), such as protons and neutrons. Given this proliferation of particles, it seems almost a dream to be able to understand anything about jets of hadrons, and even more inconceivable to write a book about them. Surprisingly enough, the main features of hadronic jets, such as their energies and angular distributions, have little to do with their constituent hadrons, but rather with the constituents of the hadrons themselves. It is firmly established that hadrons are not elementary particles, but are bound states of pointlike particles, the quarks. These are spin-1/2 particles interacting via the strong force, which is mediated by spin-1 gauge bosons, the gluons. Quarks and gluons are commonly referred to as 'partons', using the name that was given to quarks the first time they were probed in inelastic electron-proton collisions at SLAC, in view of the fact that they appeared as parts of the proton [2, 3] . In fact, in every such collision the proton was breaking apart and the angular distribution of the scattered electrons could only be explained by assuming that they hit point-like spin-1/2 particles, carrying a fraction of the proton energy and charge. This behaviour was more pronounced the higher the momentum transferred by the electron in the collision. This means that the hit partons, when probed at high energy, were not tightly bound inside the proton, otherwise the latter would have had recoiled against the electron as a whole. After some time, the partons were identified as quarks, elementary particles whose existence had been hypothesised some years before by Gell-Mann to explain the properties of hadrons [5] .
The crucial breakthrough that gave theoretical soundness to the identification of partons with quarks was the discovery that, in some quantum field theories, the effective interaction strength between elementary particles decreases with increasing energy of the particles involved [6, 7] . This property, known as 'asymptotic freedom', was assumed to hold for the theory governing the interactions between quarks. Within this framework it is possible to explain inelastic electron-proton collisions. In fact, when the momentum transferred by the electron to the target is small, the quarks interact very strongly and are confined within the proton, which recoils against the electron as a whole. With higher momentum transfer, the quarks inside the proton are probed at high energies and they essentially behave as free particles. This picture was consistent with the behaviour of the electron-proton inelastic collisions observed at SLAC.
More specifically, the theory underlying quark interactions is called quantum chromodynamics (QCD), in that the quarks are supposed to carry a new type of charge, called colour. They interact through the exchange of spin-1 particles, called gluons. The latter obtain their name from the fact that they provide the 'glue' that binds quarks together inside hadrons. QCD is quite similar to electromagnetism, with gluons playing the role of photons. The main difference is that gluons carry colour themselves and therefore can interact directly with other gluons QCD gives a natural explanation for the occurrence of hadronic jets. In fact, in a high-energy collision, quarks and gluons are abruptly produced, and ripped apart. Each parton (quark or gluon) radiates gluons, very much like an electron smashing on a target radiates x-ray photons. This radiation is highly collimated in the directions of the original quarks and gluons produced in the primary collision. Through radiation, quarks and gluons degrade their energies and their interactions become stronger and stronger, until they cluster together to form hadrons, which are the actual 'final-state' particles, i.e. the ones we observe in our detectors. The transformation of partons into hadrons, commonly referred to as the 'hadronisation' process, does not significantly alter the energy-momentum flow of the original quarks and gluons. Therefore, the jettiness of high-energy hadronic events is to be attributed to the properties of gluon radiation. Jets are thus the footprints of unobservable quarks and gluons in our detectors. Most of their properties can be understood using the language of quarks and gluons, without having to bother with the properties of final-state hadrons.
These speculations were actually confirmed by experiments involving electronpositron collisions. First, events with two jets were observed by the SPEAR collaboration at SLAC [8] . The angular distribution of the jets was compatible with the production of a quark-antiquark pair fragmenting in two bunches of collimated hadrons. The fact that the mechanism of jet formation was indeed due to gluon radiation, as predicted by QCD, was firmly established with the discovery of three-jet events at the Positron-Electron Tandem Ring Facility (PETRA; PositronElektron Tandem Ring Anlage) collider at DESY [9] [10] [11] [12] . These events were compatible with radiation of an energetic gluon off a quark-antiquark pair. Subsequent studies of jet distributions in three-jet events were able to assess that the gluon had spin-1, and measurements of angular correlations between jets in fourjet events confirmed the existence of gluon self-interactions, as predicted by QCD (see [13] for a historical overview of the discovery of the gluon and its properties). Jets were also observed in hadronic collisions at the Intersecting Storage Rings (ISR) [14] and at the Super Proton Synchrotron (SPS) at CERN [15, 16] , thus completing the picture. These and other results established, without any doubt, that QCD provided the correct description of quark-gluon interactions at high energies and that jets are the experimental signature that high-energy QCD is at work.
Jet physics is an incredibly rich subject. This book aims to provide a general overview of this topic to scientists not directly involved in the field. It is not intended to be a review of the most recent advances in jet physics, for which an experienced reader can find good sources elsewhere [17] , neither is it a QCD textbook, for which the reader is referred, e.g., to [18, 19] . The general idea of this book is to present the basic experimental and theoretical problems arising when dealing with jets and to describe the solutions proposed in recent years. In this sense it might be very useful for students, both experimentalists and theorists, who are just starting their PhD in high-energy physics.
The book is organised as follows. In chapter 2 we discuss jet algorithms, which are the procedures that are used to rigorously define jets and to extract them from the multitude of hadrons present in a typical final state at high-energy colliders. Chapter 3 will be devoted to QCD, the theory of strong interactions governing the dynamics of quarks and gluons. In particular, we will describe the theoretical tools within QCD that can be used to describe the properties of jets. Finally, in chapter 4 we will discuss how, from a set of observed jets, it is possible to extract information on the elementary event that has produced them. Such techniques are extremely important in the search for new particles, especially when they are expected to decay into quarks and gluons, giving rise to jets as final states. This is the starting point of a new subject, sometimes referred to as 'jetography' [17] , where jets are the basic ingredients used to describe elementary final states, much as geographic maps are used to describe the Earth.
The reader who is familiar with elementary particle physics is ready to start with chapter 2. In the following sections, basic facts on elementary particles and highenergy colliders are presented. These can be considered as the minimal background required for understanding the rest of the book.
The basics of elementary particle physics
The known elementary particles, and their interactions, are organised in the so-called Standard Model of elementary particles, summarised in table 1.1.
It represents, in a sense, the actual table of elements. In the language of relativistic quantum mechanics, each particle is associated with a corresponding field. In fact, the energy of each free propagating field is not a continuous quantity, but is quantised, i.e. made up of elementary excitations. These excitations carry both energy and momentum and can be interpreted as particles.
The first building block of the Standard Model is matter particles, carrying spin-1/2. These are further divided into three families of leptons and three families of quarks.
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Each family of leptons is organised into doublets. We have then the electron e with the electron neutrino ν , e the muon μ and the muon neutrino ν μ , and the tau τ with the tau neutrino ν τ . All neutrinos are electrically neutral, whereas the electron, muon and tau have charge −e, with e ≃ 1.6 × 10 −19 C the magnitude of the charge of the electron. Also quark families are organised into doublets, the first containing the up (u) and down (d) quarks, the second the charm (c) and strange (s) quarks, and the last the top (t) and bottom (b) quarks. All quarks in the top row (up, charm and top) have electric charge e 2/3 , whereas the ones in the bottom row (down, strange and bottom) have charge − e 1/3 . The fundamental difference between leptons and quarks is that the former are not subject to strong interactions. Each matter particle has a corresponding anti-particle, having the same mass but opposite charges. For instance, the anti-particle of the electron e − is the anti-electron or 'positron' e + . Similarly, the anti-particle of a quark q is an anti-quark, denoted by q .
The second part of the table contains force mediators. These are spin-1 particles, whose fields are responsible for the interactions among leptons and quarks. The photon mediates electromagnetic interactions, the W and Z bosons mediate weak interactions, and the gluon mediates strong interactions. All gauge bosons are electrically neutral, except ± W , whose electric charge is ±e. The last part of the Standard Model is the Higgs particle, whose field is responsible for giving mass to all particles, the larger the interaction with the Higgs field, the larger the mass of a particle. The Higgs boson is electrically neutral.
Throughout this book, we will use the system of natural units, in which the Planck constant ℏ and the speed of light c are conventionally set to one. In this system of units the only quantities with dimensions are length, which has the same dimensions as time, and energy, whose dimensions are the inverse of a length. In natural units, all masses have dimensions of energy and are usefully measured in electron-volts (eV). 2 Aside from the u quark, the electron, the neutrinos, the gluon and the photon, all particles in the Standard Model are unstable. The inverse of the decay time of a particle in the particleʼs rest frame is called 'width' and is indicated by Γ. Of course, the larger the width of a particle, the smaller its decay time. In natural units, the width of a particle is measured in electron-volts. 
Hadronic Jets
1-5
The elementary particles we observe in high-energy experiments have speeds that are very close to the speed of light, so Lorentz transformations have to be applied to relate quantities measured in one reference frame to another. To simplify equations among the relevant physical quantities appearing in high-energy experiments, it is useful to construct quantities that are invariant with respect to Lorentz transformations. For instance, the energy E and the three-momentum (or impulse) of a particle ⃗ p in a given reference frame can be organised in a four-vector = ⃗ p E p ( , ), with well-defined transformation properties from one frame to another. The quantity 
is also invariant under Lorentz transformations. In order to avoid the complications of performing Lorentz transformations at every corner, it is customary to express all relations between four-momenta (from here on simply 'momenta') in terms of relativistically invariant 'dot' products. For instance, if p a and p b are the momenta of the decay products of a particle, one measures the so-called 'invariant mass' of the decay products, defined as the square root of the invariant
It is possible to show using relativistic quantum mechanics that the distribution in the invariant mass of the decay products of an unstable particle has a peak in correspondence to the actual mass of the particle and the width of the peak, which has in fact the dimensions of an energy, is proportional to the unstable particleʼs width. Looking for peaks in invariant mass distributions is the standard procedure to search for new particles. For instance, the recently discovered Higgs boson appeared first as a peak in the invariant mass of two photons (figure 1.3, left-hand panel), as well as in that of two Z bosons (figure 1.3, right-hand panel). The properties of elementary particles are typically investigated through highenergy collisions. Beam particles are stored and accelerated until they reach the desired energy. They then collide at selected collision points where suitable detectors have been placed. From the analysis of the signals in the detectors, experimentalists are able to obtain information on the particles produced in each collision. The main quantities of interest at colliders are cross sections, physical observables that are related to the probabilities that events occur, and are independent of the details of the experimental apparatus. More specifically, for a process → ab X, where a and b are the colliding particles and X is a selected final state (for instance, a Higgs boson, plus anything else), the number of observed events per unit time N t d /d
X is related to the cross section σ → ab X via the relation:
The quantity is called luminosity, and encodes the information on the intensity of the beams, i.e. the rate of incoming particles per unit area. Cross sections have units of area 2 One considers also the accumulated luminosity over a period of time, the so-called 'integrated luminosity', which is usually measured in − b . 1 Of course, the higher the integrated luminosity, the better the chances will be of observing rare phenomena. This is illustrated in figure 1 .4, where one can see the cross sections for various processes involving vector bosons at the Large Hadron Colider (LHC). Note that with increasing integrated luminosity more processes become visible. In the following we will describe the different experimental set-ups that can lead to measurements such as the one in figure 1.4 . In particular, the two kinds of machines we will consider in this book are electronpositron and hadron-hadron (or simply 'hadron') colliders. Furthermore, we will only deal with experimental set-ups that are relevant for jet physics. We will deliberately ignore the extremely important low-energy machines used to observe particular processes, such as rare hadron decays, or to measure selected physical quantities, such as K 0 -K 0 mixing parameters, with very high precision. In electron-positron (e + e − ) colliders, electron and positron beams are accelerated with various techniques and made to collide. Interesting events occur when an electron and a positron from each beam annihilate, and the energy available in the collision gives rise to new particles. The typical configuration of high-energy e + e − colliders is that in which the two beams have the same energy E beam and opposite velocities. In this way no energy is wasted in the motion of the centre-of-mass of the system and a total energy E 2 beam is available in the annihilation process. Given the momentum of an electron k 1 and that of a positron k 2 , one introduces the relativistically invariant quantity . One advantage of electron-positron colliders is that they typically produce a limited number of particles in the final state, thus facilitating the interpretation of experimental results. On the other hand, the total available energy is fixed at the start of the experiment and it is generally difficult to increase, because this would require improving the whole accelerator set-up. Furthermore, electrons and positrons, when accelerated, tend to massively lose energy due to electromagnetic radiation, so that it is very difficult to push electron-positron machines towards high energies with current accelerator facilities. Therefore, e + e − collisions are not ideal for discovering new particles whose masses are unknown, but are instead useful for precisely measuring the properties of a recently discovered particle. This was the case of the LEP machine in its first run (LEP1), operating at = s 91.2 GeV, the mass of the Z boson, focused on the study of the properties of this particle.
Hadron-hadron collisions are mainly aimed at the discovery of new particles. In fact, at high energies, hadrons break apart and their constituent quarks and gluons undergo elementary highly energetic collisions, producing all sorts of particles. Each parton involved in the collision carries an unknown fraction of the parent hadronʼs energy, so that the total energy available in the collision is unknown. This property makes it possible to span a continuous range of energies up to the centre-of-mass energy of the hadron-hadron collision without changing the experimental set-up as in e + e − machines. Furthermore, hadrons such as protons or antiprotons lose less energy than electrons and positrons through electromagnetic radiation and hence can be more effectively accelerated to higher energies. Examples of high-energy hadron colliders are the SPS [28], the Tevatron [29] and the LHC [30] . The SPS, located at CERN, at its time of operation was a proton-antiproton collider and is most famous for the discovery of the W [31, 32] and Z [33, 34] [37, 38] . The LHC is a proton-proton collider located at CERN. It first ran at = s 7 TeV and = s 8 TeV, and has recently been upgraded to reach the centre-of-mass energy of 13 TeV. In its first run, the LHC discovered a spin-0 particle whose properties are compatible with the Higgs boson of the Standard Model [39, 40] . The LHC is the machine which, at the moment, is expected to discover new physics beyond the Standard Model.
The different characteristics of electron-positron and hadron collisions have consequences on the kinematic variables that are typically used in physics analyses. Before discussing these differences, it is useful to quickly review the different parts of a high-energy physics detector. Close to the collision point there is a tracker, which is able to precisely determine the direction of charged particles. This makes it possible to measure charged particle three-momenta by bending their trajectories with a magnetic field. After the tracker there are two detectors called calorimeters devoted to the measurement of particle energies. The first is the so-called 'electromagnetic' calorimeter, where photons and electrons lose all their energy. Hadrons, however, lose only part of their energy inside the electromagnetic calorimeter, so their energy determination requires an additional detector, called the 'hadronic' calorimeter, where all hadrons are supposed to stop. Muons are the only charged particles that escape the hadronic calorimeter. Their three-momenta are measured through muon detectors, which represent the outermost part of a high-energy detector. Neutrinos are not detected at all and contribute to the so-called missing energy.
Typically, in high-energy electron-positron colliders, the reference frame of the laboratory coincides with the centre-of-mass frame of the collision. Therefore, one naturally stores the energy and the three-momentum of each particle in that reference frame. In hadron collisions, beam particles break apart and the energy of each elementary collision is not known. It is therefore very important to use kinematic variables that transform as simply as possible under Lorentz boosts in the beam direction (which sets for us the z-direction). One of these quantities is the transverse momentum of each particle with respect to the beam, which is invariant with respect to such boosts. For a particle of momentum = p E p p p ( , , , ), If a particle is massless, its rapidity is related to the angle θ that the particle threemomentum forms with the beam axis, as follows
The angular variable θ −ln tan( /2) is called pseudorapidity and is denoted by η. For massless particles, rapidity and pseudorapidity coincide. Therefore, a particle close to the beam setting the positive (negative) z-direction has a large positive (negative) rapidity. Zero rapidity corresponds to a particle whose three-momentum is only transverse to the beam. Under a boost along the beam direction, the rapidity of each particle shifts by a constant quantity, so differences in rapidities are boost-invariant observables. Therefore, in hadron collisions, it is natural to use transverse momentum and rapidity as kinematic variables for each particle. However, since detectors are typically sensitive to particle directions and energy deposits, it is also customary to give information about each particleʼs pseudorapidity η and transverse energy θ = E E sin , t with E the particleʼs energy. Obviously, the transverse energy of a massless particle is the magnitude of its transverse momentum. An example of how to describe an event in terms of the aforementioned kinematical variables can be seen in the bottom right-hand corner of figure 1.1. There, the horizontal plane corresponds to the pseudorapidity-azimuth plane (η-ϕ). Each point in the plane corresponds to a hadronic calorimeter cell (one of the segments into which the hadronic calorimeter is divided). The vertical axis instead represents the transverse-energy deposit in each cell. All the energy deposits within each of the coloured circles in the η-ϕ plane are considered to build up a jet.
Another difference between e + e − and hadron collisions, which is particularly relevant for jet physics, is which hadrons can actually be observed. In e + e − colliders, only a negligible fraction of hadrons can fall in the tiny angular region around the beam pipe which is not covered by detectors. Therefore, we can reasonably assume that all hadrons are observed in electron-positron colliders. This is in contrast to high-energy hadronic collisions, where the colliding particles are coloured quarks and gluons. QCD radiation from incoming partons is very collimated around the beam direction, which will contain many interesting hadrons. In hadron collisions, it is therefore important to consider the actual rapidity range spanned by the various parts of a detector. In fact, the tracker is usually placed in a central (pseudo) rapidity region, for instance η | | ≲ 1.5 at the Tevatron and η | | ≲ 2.5 at the LHC. The hadronic calorimeter extends further, for instance up to η | | ≃ 3 at the Tevatron and η | | ≃ 5 at the LHC. The cells of the hadronic calorimeter do not possess the same resolution as the central tracker, especially in the most forward and backward regions, where hadrons from beam fragmentation are most likely to fall. This means that in hadron collisions, the basic objects that will be measured are not individual particles, but rather pseudo-particles, reconstructed out of the energy deposited in the cells of electromagnetic and hadronic calorimeters. It is then natural to try to construct objects that are independent of the fine details of the detectors. Hadronic jets offer a viable solution to this problem, which is yet another reason why they currently play such an important role in high-energy physics.
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Chapter 2
Jet algorithms
Let us consider an event such as the one displayed in the left-hand panel of figure 2 .1, in which we recognise the presence of hadronic jets, and ask ourselves how many jets we observe. One might say it is clearly two, but for instance the (pale blue) tracks on the left-hand side of the image can be considered to be a jet by themselves. In fact, this event is classified by ALEPH as a four-jet event, but on what basis? If we nevertheless consider the event as containing two jets, which hadrons have to be included in each jet? If this may be an easy task for the event in the left-hand panel of figure 2 .1, what about the event in the right-hand panel, which contains hadrons spread all over the detectors? Suppose we have assigned each hadron to a jet, we have to repeat the same procedure for every event. We definitely need a set of rules to establish how many jets each event has and which hadrons have to be assigned to 
